The present-day topography of the European Alps shows evidence of intense glacial reshaping. However, significant questions regarding Alpine landscape evolution during glaciations still persist. In this study, we focus on the Rhône valley (Swiss Alps), and use a numerical model to estimate patterns and magnitudes of glacial erosion. Comparing modeling results on a reconstructed pre-glacial topography and the present-day landforms, we find that the landscape response to glaciation is more complex than a simple "buzzsaw" mechanism (by which glacial erosion sets the height of mountain ranges) or increase of relief due to localized valley incision. Instead, glacial erosion propagates headward as the landforms evolve from a fluvial to a glacial state, leading to an initial increase of local relief followed by subsequent erosion at high elevations. It has also been proposed that the mid-Pleistocene climatic transition of glacial/interglacial oscillations from periods of 40 kyr (with symmetric shapes) to periods of 100 kyr (with asymmetric shapes) promoted glacial erosion within the Alps. Although this change of climate periodicity may have contributed to enhance glacial erosion, our results suggest that other factors such as an increase in rock uplift and/or progressive climate cooling are required to explain enhanced glacial carving at .
Introduction
Pleistocene glaciations have played a fundamental role in the evolution of high-elevation and mid-to high-latitude mountain ranges on Earth (e.g., Penck, 1905 and Sugden and John, 1976) . Glacial processes affect landscape evolution (e.g., Montgomery, 2002 , Brocklehurst and Whipple, 2002 and Koppes and Montgomery, 2009 ) and produce conspicuous morphologies such as "U"-shaped valley, steep-sided and hanging valleys (e.g., Harbor et al., 1988 , Anderson et al., 2006 and Valla et al., 2010 as well as over-deepened valleys (e.g., Preusser et al., 2010) . However, significant questions about the overall effects of glacial erosion on the topographic evolution of a mountain range still remain. Large scale topographic analyses suggest that glacial erosion is maximized at and above the glaciers' long-term Equilibrium Line Altitude (ELA) (e.g., Broecker and Denton, 1989 , Brozovic et al., 1997 , Brocklehurst and Whipple, 2002 and Egholm et al., 2009 , the amount of rock above this limit being set by the rock strength (Schmidt and Montgomery, 1996) . This mechanism is commonly referred to as glacial "buzzsaw" (e.g., Spotila et al., 2004) . In contrast, measurements of long-term denudation rates from low temperature thermochronology suggest high erosion towards low altitudes, which in turn leads to an increase of local relief in response to glacial erosion (e.g., Shuster et al., 2005 , Ehlers et al., 2006 and Valla et al., 2011 . Recent studies based on numerical modeling (Herman et al., 2011) , sediment budget analysis (Steer et-al., 2012 and Philippe et al., 2012) and global topographic compilations (Champagnac et al., 2012) proposed a reconciled view of these apparently contrasting mechanisms by showing that combined glacial processes actually produce significant topographic modifications both around the ELA and towards lower reaches. Nonetheless, the temporal and spatial evolution of glacial erosion as the landforms evolve from a fluvial to a glacial state is elusive.
Glacial processes also play an important role in the complex feedbacks between tectonics, climate and erosion (e.g., Roe et al., 2008) . Late Cenozoic global cooling (Zachos et al., 2001) seems to have led to a global increase in sediment yield (e.g., Zhang et al., 2001 and Hay et al., 2002) and produced additional components of rock uplift (e.g., Molnar and England, 1990 and Mitrovica and Peltier, 1991) . Although some have recently questioned these effects (e.g., Willenbring and von Blanckenburg, 2010) , it has been shown that glacial processes triggered major changes in sediment fluxes (e.g., Piper et al., 1994 and Bowerman and Clark, 2011) and modern patterns of rock uplift (e.g., Pelletier, 2004 and Spotila et al., 2004) .
These effects are observed in the European Alps which, given the historical and geological record of past glaciations, are often used as a natural laboratory to investigate how glacial processes affected the topographic evolution of orogenic belts (e.g., Molnar, 2004 , Champagnac et al., 2007 and Norton et al., 2010 . Recent studies suggest an increase of the valley scale relief in response to local glacial erosion (Häuselmann et al., 2007b , Glotzbach et al., 2011 and Valla et al., 2011 , which contrasts with a strong glacial imprint at the mean long-term ELA and prominent glacial cirques at even higher elevations (Anders et al., 2010) . Furthermore, measurements of sediment yields from the western Alps are consistent with a global increase since (Hay et al., 1992 , Kuhlemann, 2000 , Zhang et al., 2001 and Kuhlemann et al., 2001 ), but clearly predate glacially enhanced valley carving (Häuselmann et al., 2007a and Valla et al., 2011) and first glacial deposits to the Po foreland basin (Muttoni et al., 2003) at . The onset of intense glacial erosion within the Alps thus seems to correlate with the mid-Pleistocene climatic transition from 40 kyr/symmetric to 100 kyr/asymmetric glacial/interglacial oscillations (e.g., Broecker and van Donk, 1970 , Fairbridge, 1972 and Lisiecki and Raymo, 2007 , but further work is needed to validate this hypothesis.
In recent years, numerical modeling has been used to investigate processes of glacial erosion (e.g., Harbor et al., 1988 , Tomkin and Braun, 2002 , Amundson and Iverson, 2006 , Herman and Braun, 2008 and Herman et al., 2011 . A common result is that hypsometry (i.e., the distribution of elevations) has a significant effect on ice extent as well as the patterns and magnitudes of glacial erosion (Braun et al., 1998 , Egholm et al., 2009 . However, the morphology of a landscape before the onset of glaciations is rarely known and most previous studies were based on either present-day or synthetic "fluvial" topographies. Recently, Sternai et al. (2012) proposed a new method to reconstruct a preglacial topography and applied it to the European Alps. This work provides us with the unique opportunity to evaluate the efficiency of glacial erosion on such a pre-glacial landscape. By comparing patterns and magnitudes of glacial erosion on the pre-glacial topography to those obtained on the present-day landscape, we can address the spatial and temporal evolution of glacial erosion in the European Alps, as well as the potential tectonic/climatic forcing on glacial processes and sediment production.
This study focuses on the Rhône valley (Switzerland), one of the major drainage systems of the European Alps (Fig. 1) . In the following, we first describe the observations we use to constrain our landscape evolution model. We then outline the modeling strategy, provide an overview of the numerical model and report the numerical experiments. Finally, we present and discuss the model results. We show that glacial erosion is more complex than a simple "buzzsaw" effect (Brozovic et al., 1997 , Mitchell and Montgomery, 2006 and Egholm et al., 2009 or increase of topographic relief (e.g., Häuselmann et al., 2007b , Glotzbach et al., 2011 , Valla et al., 2011 and Ward et al., 2012 . Instead, glacial erosion propagates headward through time, with consequent initial increase of topographic relief and subsequent erosion at higher elevations along the valleys. The change of climate periodicity corresponding to the mid-Pleistocene transition, finally, may have produced an intensification of glacial erosion. However, our results suggest that additional factors such as an increase of rock uplift and/or progressive climate cooling are required to explain enhanced glacial carving at . . Inset shows the location of the study area within the European Alps, as well as major tectonic lineaments (black lines) and units (red lines). See, for example, Schmid et al. (2004) for more detail.
Setting-the Rhône valley
In this section, we outline the major geologic, geomorphic and geodetic observations that have directed our study. We only emphasize aspects that are most appropriate for this analysis, while we refer the reader to other articles for further details about the geological setting (e.g., Steck and Hunziker, 1994 and Schmid et al., 2004) , the seismotectonics and neotectonics (e.g., Maurer et al., 1997 , Champagnac et al., 2003 (Florineth and Schlüchter, 1998 and Kelly et al., 2004) . Although such glacial reconstructions and their relations with past climate are relatively well established, the physical processes controlling ice building and glacial erosion patterns are still elusive. Sternai et al. (2012) recently proposed a reconstruction of the pre-glacial landscape of the European Alps, which accounts for spatially variable channel steepness and isostatic adjustment to Pleistocene erosion. By comparing the pre-glacial landscape to the present-day topography over the whole European Alps, it was possible to constrain patterns and integrated magnitudes of glacial erosion. The results suggest an increase in valley-scale relief, in spite of a decrease in orogen-scale mean elevation . This landscape modification is also verified in the Rhône valley, where the hypsometries before and after glaciation show the development of high peaks, the lowering of the valley bottom and the formation of overdeepened troughs (Fig. 2) . . Black bars show the hypsometry of the Rhône valley at the end of numerical experiment B1 (see Table 1 
Tectonic/isostatic rock uplift
Rock uplift modulated by erosion may enhance the accumulation area of glaciers in turn affecting ice thickness, glacial erosion and sediment yield (e.g., Herman and Braun, 2008 , Kaplan et al., 2009 and Yanites and Ehlers, 2012 . Variations in rock uplift and exhumation rates have occurred during the late Neogene and Pleistocene (e.g., Vernon et al., 2008 and Sternai et al., 2012) . However, the magnitude and timing of these changes are not sufficiently well resolved to provide information about the evolution of rock uplift patterns throughout Pleistocene glaciations. GPS data indicate that negligible horizontal motion with respect to stable Europe is currently accommodated in the western Alps (Calais et al., 2002) . Ongoing motion denotes East-West extension in the upper crust of the western Alps, also recognized by seismological data (e.g., Sue et al., 1999) . Active tectonics thus seem to be dominated by isostasy/buoyancy forces rather then shortening along the Alpine Europe/Adria collision zone (e.g., Selverstone, 2005 and Sue et al., 2007 , and references therein). Vertical displacements relative to a reference point in Aarburg (Swiss Molasse basin) are (Schaer and Jeanrichard, 1974 and Schlatter et al., 2005) , in response to the isostatic re-adjustment to erosion (e.g., Champagnac et al., 2007) , post-LGM and ongoing ice melting Barletta et al., 2006) , with a possible minor effect of tectonic shortening and/or deep-seated processes such as the detachment of the European slab (Calais et al., 2002 and Lippitsch et al., 2003) . The relative importance of these three components in determining measured rock uplift rates, however, is still debated (e.g., Champagnac et al., 2009).
Glacial erosion modeling
In this section, we first provide a brief overview of the numerical model and then report its calibration for studying the Rhône valley. It is not our purpose to reproduce the full evolution of the Rhône valley from pre-glacial times to modern days, nor to thoroughly explain its present-day geomorphology, but rather to assess major glacially induced modifications of the topography. For these reasons, fluvial and hillslope processes as well as the effects of loose sediments on bedrock erosion or variations of rock erodibility across the study area were not treated.
Numerical model
We used a modified version of ICE-CASCADE (Braun et al., 1998) . We provide here a brief overview of the governing equations, while more details about the algorithm and model parameters can be found in Braun et al. (1998) , Tomkin and Braun (2002) , Braun (2008), and Herman et al. (2011) .
Ice dynamics
The ice thickness, h, is calculated by solving the equation of ice mass conservation equation (1) where t is the time, Q is the ice flux and M is the ice net mass balance. M is calculated as a linear function of the temperature, T s , which scales linearly with elevation:
equation (2) where γ and λ are arbitrary constants, z is the elevation and T 0 is the temperature at sea level that varies through time to simulate glacial/interglacial cycles. Minimum (M min ) and maximum (M max ) rates of ice accumulation and ablation can also be set to reproduce a realistic ice net mass balance. To describe ice sliding velocities, u s , we apply a commonly used empirical law ( Bindschadler, 1983 , van der Veen, 1987 and Paterson, 1994 equation (3) where τ b is the ice basal shear stress, B s is a sliding constant and p e is the effective pressure (i.e., p i −p w , where p i is the ice overburden pressure and p w is the water pressure).
Subglacial hydrology
Following Flowers and Clark (2002), the water thickness, h w , is computed as equation (4) where Q w is the water discharge, is the meltwater produced by ablation and is a background basal melt. The computation of the water pressure is based on an empirical formula equation (5) where h c is the critical thickness of the confined aquifer.
Glacial erosion
Landscape evolution models often assume that glacial erosion is dominated by abrasion and quarrying (e.g., Hallet, 1979 , Hallet, 1996 , MacGregor et al., 2000 , Anderson et al., 2006 , Herman and Braun, 2008 , Egholm et al., 2009 and Pelletier et al., 2010 and that these two processes are a function of the sliding velocity. A similar approximation is adopted here equation (6) where k g is a constant and l is equal to 1.
Model calibration

Glacial/interglacial cycle and ice net mass balance
A shift of the period of climate oscillations from to is recorded at the midPleistocene transition (e.g., Broecker and van Donk, 1970 , Fairbridge, 1972 and Lisiecki and Raymo, 2007 . While 40 kyr oscillations are mostly symmetric, those with a period of 100 kyr exhibit a sawtooth shape in which abrupt reversals of the climatic trend separate longer cooling phases from shorter warming periods (e.g., Broecker and van Donk, 1970 and Fairbridge, 1972) . We thus approximate the 40 kyr cycles by varying sea level temperatures (T 0 , Eq. (2)) as a sinusoidal function and the 100 kyr cycles by imposing a cooling period of 80 kyr followed by 20 kyr of climate warming.
Maximum and minimum T 0 are set equal to and , to match modern high-resolution observations of sea surface temperatures around Europe (Reynolds and Smith, 1995) as well as modern and LGM ELA estimates (i.e., 2900±150 m (1σ) and 1700±200 m (1σ), respectively, as detailed in IUGG/UNEP/UNESCO, 2005).
Assuming that Alpine glaciers were fed predominantly by snowfall, with a clean ablation area, we set M max , M min , γ and λ (Eqs. Using this parameter setting, we could reproduce independent reconstructions of LGM ice extent by Kelly et al. (2004) and Schlüchter et al. (2009) .
Erosional efficiency
The over-deepened troughs surrounding the European Alps are amongst the most prominent erosional features of the orogen (Preusser et al., 2010) . Although the processes responsible for the formation of such noticeable depressions are still debated (e.g., Oerlemans, 1984 , MacGregor et al., 2000 , Kessler et al., 2008 and Herman et al., 2011 , it is widely accepted that Alpine over-deepenings have glacial origins (e.g., Penck, 1905 , Jaboyedoff and Derron, 2005 and Preusser et al., 2010 . The maximum depth of the over-deepened trough within the Rhône valley has been estimated by Jaboyedoff and Derron (2005) to be below the present-day topography. We reproduced over-deepened troughs of similar depths by assuming B s (Eq. (3)) equal to and k g (Eq. (6)) equal to 2×10 −5 for numerical experiments over 1 Myr and 1×10 −5 for numerical experiments over 2 Myr (see Section 4).
Tectonic and isostatic rock uplift
As discussed in Section 2.2, modern rock uplift may combine different components associated with isostatic adjustment to Pleistocene erosion and recent ice melting, as well as components due to ongoing tectonic and/or deep-seated processes. In the following, we will refer to the passive response to Pleistocene erosion and recent ice melting as the "isostatic rock uplift". Instead, the expression "tectonic rock uplift" will be used for extra components of rock uplift due to ongoing tectonic shortening and/or mantle-related processes. We use this terminology for the sake of simplicity and ease of reading, although we are aware that these definitions are not rigorous.
We assessed the isostatic rock uplift using a two-dimensional flexural model that computes the vertical deflection of an elastic plate produced by removal of the eroded material and changes in ice load through time. We used spatially uniform crust and mantle densities (2.8 and 3.3, respectively) and set Poisson's ratio and the elastic thickness of the crust equal to 0.2 and 20 km (Christensen, 1996 and Stewart and Watts, 1997) . The isostatic rock uplift accounts for at least ∼50% of the observed rock uplift (i.e., Schaer and Jeanrichard, 1974 and Schlatter et al., 2005) , depending on simulation settings. We thus run experiments with tectonic rock uplift rates equal to either 0 or 0.5 mm yr −1 (constant in both space and time) to adjust modeled rock uplift rates to observations.
Results
We performed three numerical experiments (A, B and C), each consisting of two simulations (as summarized in Table 1 ). In the numerical experiment A we run a single glacial cycle on both the pre-glacial and present-day topography to investigate the role of the initial morphology in controlling ice dynamics as well as patterns/magnitudes of glacial erosion. In the numerical experiment B, we explore how the landscape evolves from a fluvial to a glacial state by modeling several glacial cycles on the pre-glacial topography. In this experiment we also vary the tectonic rock uplift rates to estimate the influence of extra components of uplift. Finally, in the numerical experiment C, we investigate the effects of a shift in the period of climate oscillations at the mid-Pleistocene transition on glacial erosion and the sediment yield. We also address the effects of rock uplift as in the experiment B. In order to quantitatively report the patterns and magnitudes of glacial erosion, we calculate the catchment-scale sediment yield through time and produce erosion maps of specific time steps. In addition, we selected several topographic control points along the major valley trunk and tributary valleys and track the temporal evolution of glacial erosion at these key locations.
Numerical experiment A
In this numerical experiment, we simulate one asymmetric glacial/interglacial cycle (100 kyr) on both the pre-glacial (simulation A1) and present-day (simulation A2) topography. As discussed above (Section 2.1), landscape hypsometries are different, with a higher frequency of elevations around the mean long-term ELA in the pre-glacial topography (Fig. 2) . Therefore, the ice accumulation area is larger on the pre-glacial landscape than on the presentday topography, resulting in larger ice volumes by approximately a factor of 2 during the cooling and warming phases of the glacial/interglacial cycle (Fig. 3) . At the glacial maximum, however, the ice volume and extent on both topographies are similar. Ratio between pre-glacial and present-day ice volumes. The modeled ice volume on the pre-glacial topography surpass that of the present-day landscape by a factor of ∼2 during both the cooling and warming phases of the glacial/interglacial cycle.
During the initial cooling, glaciers on the present-day topography are restricted to the upper parts of the catchments where they concentrate erosion (Fig. 4) . In contrast, the ice cap on the pre-glacial topography develops rapidly, filling and eroding the major valley trunk. This is further illustrated by the evolution of glacial erosion at the control points (Fig. 5) . Dashed lines (representing tributary lateral valleys) reveal that glacial erosion is more effective in the upper catchments of the present-day topography, indicating that magnitudes and patterns of glacial erosion depend on the hypsometry of the landscape. Furthermore, the present-day landscape is characterized by particularly high slopes above the ELA which increases ice sliding velocity and thus enhances glacial erosion in the high reaches of the landscape. Fig. 4 . : Selected snapshots of the simulations A1 and A2 (see Table 1 ), showing both the ice extent (black lines) and the cumulative glacial erosion (color code, see legend). The location of the control points (color-coded by elevation) is also shown in (a) and (b) . See text for further details. At the glacial maximum, subglacial water due to melting abounds in the ablation area (Herman et al., 2011) , which results in a substantial increase of the sliding velocities (and thus erosion rates) at lower elevations ( Fig. 4e and f) . Glacial erosion of the lower parts of the landscape is approximately one order of magnitude higher than at high elevations on both topographies (Fig. 5) .
Similar to the early stages of the glacial/interglacial cycle, the upper parts of the present-day topography are subject to higher glacial erosion when glaciers retreat and their size is reduced. Over a full glacial/interglacial cycle, glacial reshaping of the pre-glacial topography occurs almost exclusively in the lower reaches of the landscape (Fig. 4g) , while a bimodal distribution of glacial erosion with a peak at high elevation and enhanced erosion at low altitudes occurs on the present-day topography (Fig. 4h) .
Numerical experiment B
In this numerical experiment, we address the evolution of glacial erosion patterns since the mid-Pleistocene transition (e.g., Lisiecki and Raymo, 2007) . We thus simulate nine asymmetric glacial/interglacial cycles (100 kyr) on the pre-glacial landscape, imposing tectonic rock uplift rates equal to 0 and 0.5 mm yr −1 (simulations B1 and B2, respectively). The evolution of glacial erosion over several glacial/interglacial cycles is characterized by a headward propagation through time, independent of the selected tectonic rock uplift rate (Fig.  6a and b) . This erosional headward propagation is also illustrated by the cumulative erosion and instantaneous erosion rates of each topographic control point (Fig. 7) . The initial valley carving at low elevations steepens the local down-valley bedrock slopes with a resultant increase of the ice sliding velocity during subsequent glacial/interglacial cycles. This mechanism triggers headward propagation of erosion during several glacial/interglacial cycles while glacial erosion at low elevations is reduced as the steepened front moves toward the upper valley. After 0.9 Myr of glacial erosion, an over-deepened trough comparable to the one observed today is formed. Fig. 6 . : Selected, synchronous snapshots from simulations (a) B1 and (b) B2 (see Table 1 and text for details). The blue line in each snapshot represents an isoline of erosion equal to 100 m, highlighting headward propagation of the erosional front throughout glaciation. The location of the control points (color-coded by elevation) is also shown on the top-left snapshots. Fig. 7 . : Cumulative glacial erosion (a) and instantaneous erosion rates (b) at the end of each glacial/interglacial cycle of simulation B1 (see Table 1 ), for control points in the main valley trunk (see the top-left snapshots in Fig. 6 for control point locations) . Cumulative erosion and instantaneous erosion rates at low elevation (light and dark blue dots on both panels) follows the scale on the right.
Glacial/interglacial oscillations control the ice extent, the velocity pattern and, thus, erosion rates (Fig. 8) . A close examination of erosion during a single glacial/interglacial cycle reveals that catchment-integrated sediment production rates are higher during phases of ice advance and retreat, when the glacier is rapidly changing its shape and extent. There is also a decrease of the sediment yield through time, when the simulation does not include any tectonic rock uplift (Fig. 8a) . Such a decrease is expected as it is the consequence of a reduction of the glacier's accumulation area. In contrast, we find that a tectonic rock uplift of 0.5 mm yr −1 compensates for the loss of accumulation area caused by glacial erosion. In fact, the ice volume at the end of each glacial/interglacial cycle increases through time (Fig. 6b) and a constant sediment yield is maintained throughout the entire simulation (Fig. 8b) . Table 1 ). Sediment yield is maximized during the advancing and retreating phases of the glacier, suggesting that it is independent on the ice volume/extent. The averaged sediment production over each individual glacial/interglacial cycle (red dots and dotted lines) is also shown. The ice extent and cumulative glacial erosion after nine glacial/interglacial cycles (see also Fig. 6 ) is shown below each panel.
In spite of a number of simplifications that preclude fully reproducing the hypsometric differences between the pre-glacial and present-day topography, the hypsometry of the landscape at the end of this numerical experiment approaches that of the present-day topography (Fig. 2) , in turn indicating that the numerical model is able to reproduce first order imprints of glacial erosion.
Numerical experiment C
In this numerical experiment, we simulate 2 Myr of glacial erosion on the pre-glacial topography. To mimic the climatic record and reproduce the mid-Pleistocene transition, we impose a shift of the period of climate oscillations from 40 kyr/symmetric to 100 kyr/asymmetric cycles at 1 Ma. We compare the evolution of the ice volume, average ice sliding velocity and glacial sediment yield through time, for different simulations with tectonic rock uplift rates equal to 0 and 0.5 mm yr −1 (simulations C1 and C2, Fig. 9 ). Table 1 ). Right-hand-side panels show results with 0.5 mm yr −1 of tectonic rock uplift (simulation C2, see Table 1 ). After 1 Myr, the period of glacial/interglacial cycles shifts from 40 kyr to 100 kyr in both simulations (vertical dashed line).
The major effect of shifting from short/symmetric to long/asymmetric climate oscillations is an increase (up to ∼15%) in ice volume, sliding velocities and sediment yield, especially when a non-isostatic component of rock uplift compensates for the loss of glaciers' accumulation area (Fig. 9) . However, this effect is dampened after few long, asymmetric glacial/interglacial cycles, suggesting a rather fast re-equilibration of the erosive regimes to the new climatic conditions. After re-equilibration, variations of ice volume, average sliding velocity and sediment yield are again driven by the tectonic rock uplift (as described in Section 4.2).
Discussion
Global analyses of topography show that first order variations in mountain height correlates with present-day and LGM ELAs (Broecker and Denton, 1989 and Egholm et al., 2009) and are independent of tectonic forcing (e.g., Champagnac et al., 2012) . In fact, the hypsometry of modern glaciated mountain ranges suggests that denudation mechanisms are more effective at high elevations, leading to the conclusion that glacial and periglacial processes may limit mountain elevation (e.g., Mitchell and Montgomery, 2006 and Delunel et al., 2010 . The present-day landscape, however, is more prone to bear information about the most recent stages of glacial erosion, as erosion itself erases past landforms and, hence, evidence of past erosional processes. Different patterns of glacial erosion on the pre-glacial and present-day topography suggest that glacial effects are not as simple as a "buzzsaw" erosion or increase of topographic relief, but rather that they evolve through time and in relation to the evolution of the landform. Our results show that glacial erosion is focused toward the lower reaches of the landscape during the early stages of glaciation when the landscape still preserves a dominant fluvial morphology (Figs. 4g and 5a) . Early glacial erosion, thus, produces an increase in topographic relief, consistent with glacial overdeepenings in the modern topography. By dating valley fill deposits within glacial overdeepened troughs in the proximity of the Rhône valley, Preusser et al. (2010) provided a minimum age for the formation of these features . Similarly, Häuselmann et al. (2007b) and Valla et al. (2011) found that the major phase of glacial erosion in the Aar and Rhône river basins occurred at and increased topographic relief. Our results are in agreement with these findings. During the late stages of glaciation, however, glaciers erode the highest reaches of the landscape (Figs. 4h and 5b) , a result that matches well with geomorphic investigations of the present-day Alpine topography (Anders et al., 2010 and Sternai et al., 2011) .
The erosive power of the glacier is particularly high when it flows down a steeper slope formed during the initial carving of the over-deepened trough. This effect can initiate a headward propagation of glacial erosion (Fig. 6 ), similar to knickpoints in fluvial domains that migrate from the base-level towards the headwaters (e.g., Seidl and Dietrich, 1992) . Headward propagation of glacial erosion was already proposed to explain thermochronometric data from the mountainous landscapes of Fiordland, New Zealand, based on thermochronometric data (e.g., Shuster et al., 2011) . The headward propagation of glacial erosion matches evidence for a glacially induced increase of topographic relief (Valla et al., 2011) within the Rhône valley as well as increased glacial erosion around the long-term ELA ) (see also Fig. 2 ). Our result thus suggests that glacial valley deepening and plane off around the long-term ELA are related processes, linked by headward propagation of glacial erosion through time.
The sediment yield decreases through time in the absence of tectonic rock uplift to compensate for the loss of accumulation area induced by glacial erosion (Fig. 8 and Fig. 9 ). 0.5 mm yr −1 of tectonic rock uplift, however, is sufficient to compensate for such a glacially induced loss of accumulation area and produce an increase in sediment production throughout glaciation, in agreement with thermochronometric data (Valla et al., 2011) and measurements of sediment yields from the Alps (Hay et al., 1992 and Kuhlemann et al., 2001) . Despite significant advances in measuring and assessing the causes of actual rock uplift in the Alps (Schaer and Jeanrichard, 1974 , Kahle et al., 1997 , Calais et al., 2002 , Lippitsch et al., 2003 , Barletta et al., 2006 and Champagnac et al., 2009 , the debate about the relative importance of isostatic and tectonic rock uplift on measured values is clearly unresolved. It is therefore difficult to assess whether this theoretical condition depicts the current state of the Alps. It is worth noting, however, that an additional cooling trend superimposed to the glacial/interglacial cycles or an increase of the amplitude of the latter might equally compensate for the loss of accumulation area induced by glacial erosion and, thus, increase the sediment yield. In addition, the lack of fluvial and hillslope processes in our numerical experiments might emphasize this effect. Yet this behavior indicates that, when climate conditions allow glaciation, surface vertical motions and/or longterm climatic trends have a primary control on the production of sediments.
A shift of the period of climate oscillations from 40 kyr/symmetric to 100 kyr/asymmetric cycles extends the time spans during which glacial erosion occurs and promotes the production of sediments (Fig. 9) . Thus, the mid-Pleistocene transition might have increased the efficiency of glacial erosion. The increase in sediment yield we observe from our models (Fig. 9) , however, is too small to explain the roughly twofold increase of valley carving at (Häuselmann et al., 2007b and Valla et al., 2011) and the sediment budget (Kuhlemann et al., 2001) . Additional contributions to glacial valley deepening must therefore be provided by other factors. Pedersen and Egholm (2013) have recently confirmed that cooling at the mid-Pleistocene transition provides an unambiguous mechanism to increase glacial erosion, as already suggested by Muttoni et al. (2003) , but ignored the potential effects of rock uplift and its effects on surface elevation (Braun et al., 1998 , Tomkin and Braun, 2002 , Herman and Braun, 2008 and Yanites and Ehlers, 2012 ). As we demonstrate here, enhanced rates of rock uplift can also increase glacial erosion by increasing glaciers' accumulation area. Despite little evidence for any significant change of the tectonic rock uplift since the late Pleistocene (Willett, 2010, and references therein) recent detachment of the European slab (Lippitsch et al., 2003) could have provided an additional source of rock-uplift for this region.
Conclusions
Simulations of glacial erosion on the pre-glacial and present-day landscape calibrated on observational constraints within the Rhône valley enabled us to conclude that:
• The effects of glaciation are more complex than a simple "buzzsaw" effect or increase of topographic relief. Glacial conditioning of a landscape evolves through time and space, in relation with the evolution of the landscape itself. Patterns of glacial erosion on the pre-glacial and present-day topography of the Rhône valley suggest an initial increase of topographic relief followed by enhanced erosion at higher elevations during late stages of glaciation.
• Valley (over-)deepening and enhanced glacial erosion around the long-term ELA of the Rhône valley are linked by a headward propagation of glacial erosion through time. Such a headward propagation of glacial erosion is capable of matching evidence of a glacially induced increase of topographic relief within the Rhône valley as well as increased glacial erosion in correspondence of the long-term ELA.
• While glacial sediment yields decrease throughout glaciation in the absence of intense fluvial/hillslope erosion, or increase of the amplitude of climate oscillations. A moderate tectonic rock uplift (or cooling trend superimposed to glacial/interglacial cycles), however, is sufficient to increase the production of sediments, in agreement with measurements of sediment yields from the Alps.
• Although the change of climate periodicity corresponding to the middle Pleistocene transition may have produced an intensification of glacial erosion, other factors such as an increase of rock uplift and/or progressive climate cooling are required to explain enhanced valley deepening by glacial erosion at .
